OBJECTIVE: To clarify the mechanism by which plasma triacylglycerol is affected by a high fat or a sucrose diet. DESIGN: Two sets of six groups each having six rats were prepared Ð (1) ventromedial hypothalamic (VMH)-lesioned rats fed a standard diet; (2) sham VMH-lesioned rats fed a standard diet; (3) VMH-lesioned rats fed a high-fat diet; (4) sham VMH-lesioned rats fed a high-fat diet; (5) VMH-lesioned rats fed a high-sucrose diet; and (6) sham VMH-lesioned rats fed a high-sucrose diet. After VMH lesions and sham operations, the rats were provided standard, high-fat and high sucrose diets for 2 weeks. Two weeks later, blood samples were collected after overnight fast to determine plasma triacylglycerol (TAG), hepatic triacylglycerol secretion rate (TGSR), fractional catabolic rate (FCR) of triacylglycerol and postheparin plasma lipoprotein lipase (LPL), plasma glucose, insulin and leptin. RESULTS: Values of TAG, TGSR, FCR and LPL in VMH-lesioned obese rats were all greater than those in sham-operated rats, regardless of the diet fed. In sham-operated rats, high-fat diet fed rats showed higher TAG with similar TGSR, higher LPL and lower FCR than those of standard diet fed rats. High-sucrose diet fed rats showed signi®cantly higher TAG with higher TGSR, higher LPL and lower FCR than those of standard diet fed rats. Moreover, high-sucrose diet fed rats showed higher TAG with higher TGSR, lower LPL and higher FCR than those of high-fat diet fed rats. In VMH-lesioned rats, high-fat diet fed rats showed higher TAG with similar TGSR, higher LPL and lower FCR than those of standard diet fed rats. High-sucrose diet fed rats showed markedly higher TAG with notably higher TGSR, higher LPL and lower FCR than those of standard diet fed rats. High-sucrose diet fed rats showed still higher TAG with markedly higher TGSR, similar LPL and higher FCR than those of high-fat diet fed rats. CONCLUSIONS: The mechanism by which TAG metabolism is affected by a high-fat or a high-sucrose diet differed; a high-fat diet increased plasma TAG level by lowering removal of TAG without increase in hepatic TAG secretion in sham-operated (normal) rats. A high-sucrose diet, in contrast, induced much higher plasma TAG levels by both increased hepatic TAG secretion and decreased removal of TAG. The effects of a high-fat or a high-sucrose diet were similar but exaggerated in VMH lesioned animals.
Introduction
Among various dietary factors, a diet rich in fat and sucrose, which are currently common food constituents in developed countries, is thought to result in obesity.
1,2 A high-fat diet can also induce hypertriglyceridemia, glucose intolerance and insulin resistance in animals. 3 The substitution of complex carbohydrate in the diet by simple sucrose has been shown to enhance plasma triacylglycerol (TAG) in animal studies. 4 Furthermore, feeding of a high-sucrose diet causes an increase in visceral fat accumulation in ventromedial hypothalamic (VMH)-lesioned obese and normal male Wistar rats. 5, 6 The elevated TAG level in the plasma induced by a high-fat or -sucrose diet is related to either increased hepatic TAG secretion or decreased TAG removal or both.
In respect to the hepatic TAG secretion, a high-fat diet reduced hepatic TAG enriched very low density lipoprotein (VLDL) production in isolated hepatocytes of fat-fed normal Wistar rats, and in obese Zucker rats. 7, 8 On the contrary, a high-sucrose diet has been reported to increase hepatic VLDL secretion rate. 4 Lipoprotein lipase (LPL) is thought to be an important factor for the removal of TAG from the plasma. 9 Deposition of TAG into adipocytes is dependent upon LPL activity in adipose tissue, which hydrolyzes circulating TAG and thereby generates the free fatty acids used in its synthesis in adipocytes. 9 Tissue LPL also determines the fate of TAG in the plasma, which either enters adipocytes or muscles under the action of LPL to be stored in adipose tissues or to be utilized as fuel in muscle tissues, or remains in the blood and leads to hypertriglyceridemia. Tissue LPL could be determined by heparin releasable LPL in the plasma. 10 There are con¯icting reports in respect to the effects of high fat or high sucrose on TAG secretion rate, 4, 7, 8, 11 but few reports concerning the effect of high-fat and -sucrose diets on postheparin plasma LPL in normal rats. No data are available to examine the effects of high-fat and high-sucrose diets on TAG secretion and removal simultaneously in VMHlesioned rats. Therefore, we investigated the mechanism of hypertriglyceridemia induced by these diets by determining TAG secretion rate (TGSR) and postheparin plasma LPL in both VMH-lesioned obese and sham-operated (normal) rats.
Materials and methods

Animals and diets
Female Sprague ± Dawley rats weighing 300 AE 20 g were kept in individual cages with free access to tap water and food. All rats were under controlled conditions with a 12:12 h (7 00 am ± 7 00 pm) light ± dark cycle and constant temperature maintained at 22 AE 2 C. VMH and sham VMH-lesions were produced by the method previously described. 12 Diets used in this study were standard lab chow, a high-fat or a high-sucrose diet. Lab chow (standard) diet containing 15.27 kJag (21.10% proteins, 6.70% fat, and 55.10% carbohydrates) was purchased from Oriental Yeast Co. (Tokyo, Japan). The high-fat diet contained 28.71 kJag with 22.03% proteins, 62.67% fat, and 8.40% carbohydrates (Japan Biological Materials Center, Tokyo), and the high-sucrose diet was a mixture of standard MF chow and sucrose, providing 15.98 kJag (9.95% proteins, 4.80% fat, and 81.39% carbohydrates, in which sucrose accounted for 60%).
Experimental protocol
Two sets of six groups each having six rats were prepared: (1) VMH-lesioned rats fed a standard diet; (2) sham VMHlesioned rats fed a standard diet; (3) VMH-lesioned rats fed a high-fat diet; (4) sham VMH-lesioned rats fed a high-fat diet; (5) VMH-lesioned rats fed a high-sucrose diet; and (6) sham VMH-lesioned rats fed a high-sucrose diet. After VMH lesions and sham operations, the rats were provided with a standard, high-fat or high-sucrose diet. Two weeks later, blood samples were collected after an overnight fast for determinations of plasma triacylglycerol (TAG), TGSR, postheparin plasma LPL, plasma glucose, insulin and leptin. Body weight and food intake were recorded every other day.
Under pentobarbital anesthesia, a 0.5 ml blood sample was taken 4 min after intravenous injection of heparin (200 Ua100 g body weight) to determine heparin-releasable LPL in one set of six groups of rats. Under pentobarbital anesthesia, 0.5 ml of blood was taken from the jugular vein to measure TAG in another set of six groups. Thereafter, 120 mg of Triton WR-1339 (Tyloxapol, Sigma, St Louis, MO) was administered intravenously, and blood samples were collected to measure TAG at 30 and 60 min.
Determinations of postheparin plasma LPL, TGSR and fractional catabolic rate (FCR) Postheparin plasma LPL was determined by a commercial ELISA kit (LPL Elisa Daiichi, Daiichi Chemicals & Drug Co., Tokyo) using an antibovine milk LPL monoclonal antibody. 13 TGSR was calculated by the following equation:
where TAGO, TAG30 and TAG60 are TAG concentrations 0, 30 and 60 min after the injection, respectively. FCR was calculated from the TAG secretion rate divided by the plasma pool size as indicated by Bird et al.
14
Other assays Plasma glucose was determined by glucose oxidase method (Liqutteck; Boehringer Mannhaime). Plasma TAG was measured enzymatically (Triglycolor III; Boehringer Mannheim). Plasma insulin was determined by radioimmunoassay kit (Sionoria, Shionogi, Osaka) using rat insulin as a standard. Leptin was determined using a leptin determination kit (catalog no RL-83K; Linco).
Statistical analysis
Data were expressed as means AE s.d. Two-way ANOVA and Student's t-test were used for comparison of signi®cant differences.
Results
The VMH-lesioned rats were heavier than sham-operated rats 2 weeks after VMH lesions, and body weight in the high-fat diet fed VMH-lesioned group was greater than the standard and high-sucrose diet fed VMH-lesioned groups (both P`0.05). No difference in body weight was observed between the latter two groups. Similar trends in body weight were seen among the three sham-operated rats (Table 1) . Total energy intakes during the 2-week experiment in VMH-lesioned rats were greater than that in sham-operated Diet and plasma lipids in VHM obesity CY Xue et al rats (ANOVA). Total energy intake in high-fat diet fed VMHlesioned group was much higher compared with those in standard and high-sucrose diet fed VMH-lesioned groups, while there was no difference in total energy intake between the latter two groups. Similar trends were found in the shamoperated rats (Table 1) .
No differences in plasma glucose were observed among six groups of VMH-lesioned and sham-operated rats. Plasma leptin concentrations in VMH-lesioned rats were much higher than those in sham-operated rats. Plasma leptin in the high-fat diet fed VMH-lesioned group was greater than that in the standard and high-sucrose diet fed VMH-lesioned groups, but there was no difference between the latter two groups. Leptin concentrations in the high-fat diet fed shamoperated group was higher than that in the standard and high-sucrose diet fed sham-operated groups, and leptin concentrations between the latter two groups did not differ. Plasma insulin concentrations in VMH-lesioned rats were much higher than in corresponding sham-operated rats. In VMH-lesioned rats, the plasma insulin concentration was higher in the high-sucrose diet fed group than in the high-fat diet fed group, and plasma insulin concentration in high-fat diet fed group was higher than that in the standard diet fed group. Similar trends were observed in sham-operated rats (Table 1) .
TAG concentrations were higher in VMH-lesioned rats than in corresponding sham-operated rats. In VMH lesioned rats, TAG concentration was much higher in the highsucrose diet fed group than in the high-fat diet fed and standard diet fed groups. TAG concentration in the highfat diet fed group was signi®cantly higher than that in the standard diet fed group. In sham-operated rats, TAG concentration in the high-sucrose diet fed group was higher than in the high-fat and standard diet fed groups, and TAG in the high-fat diet fed group was higher than in the standard diet fed group (Figure 1) .
TGSR concentrations in VMH-lesioned rats were higher than those in corresponding sham-operated rats. TGSR in the high sucrose diet fed VMH-lesioned group was higher than in the high-fat and standard diet fed VMH-lesioned groups, but there was no difference between the latter two groups. In sham-operated rats, TGSR in the high-sucrose diet fed group was greater than in the high-fat and standard diet fed groups; however, no difference was found between the latter two groups ( Table 2) .
Functional catabolic rate (FCR) in VMH-lesioned rats was greater than that in corresponding sham-operated rats. FCR in standard diet and high-fat diet fed VMH-lesioned groups were the highest and lowest in the three VMH groups, respectively. Similar trends were observed in sham-operated rats ( Table 2) .
Postheparin LPL in VMH-lesioned rats was higher than that in corresponding sham-operated rats. In VMH-lesioned rats, LPL in the high-fat diet and high-sucrose diet fed groups were higher than in the standard diet fed VMH-lesioned group. No difference in LPL was observed between the former two groups. In sham-operated rats, LPL in the highfat diet fed group was signi®cantly higher than in the standard and high-sucrose diet fed groups, and LPL in the high-sucrose diet fed group was higher than in the standard diet fed group (Table 2) .
Discussion
Fasting plasma TAG concentrations will vary as a function of relative values of TAG secretion and removal rates. In this study, we found that TGSR did not increase or decrease, and postheparin LPL increased when a high-fat diet was fed to VMH-lesioned obese and sham-operated rats. However, fasting plasma TAG concentrations in these groups were higher than those of their corresponding standard diet fed rats.
It seems dif®cult to interpret the results that normal TGSR and increased postheparin LPL produced an increase in plasma TAG in VMH-lesioned obese and sham-operated rats fed the high-fat diet. Besides heparin-releasable LPL, FCR is an another indicator of TAG removal, which implies a reversed half-life of TAG. We calculated FCR and found that FCR decreased in rats fed the high-fat diet, implying that the half life of TAG in these animals was prolonged. Thus, we presume that decreased FCR contributed to the increased fasting plasma TAG in high-fat diet fed VMH-lesioned and sham-operated groups by delaying the half-life of plasma TAG. The reason for decrease in FCR by a high-fat diet is unknown at present, in spite of increased heparin releasable Those with the same letter in the same horizontal row were different at a signi®cant level of P`0.05. The number of rats in each group was six. UD standard diet; HF high-fat diet; HS high sucrose diet.
Diet and plasma lipids in VHM obesity CY Xue et al LPL. One possibility is that uptake of plasma TAG by adipose andaor muscle tissues may be disturbed by a high-fat diet in spite of the fact that high LPL stimulates breakdown of plasma TAG, which should enhance TAG uptake by the tissues.
On the other hand, we found increased TGSR and decreased FCR in spite of increased postheparin LPL in VMH-lesioned and sham-operated rats fed the high-sucrose diet. In addition to decreased TAG removal, similar to that in rats fed the high-fat diet, the increased TGSR contributed to much higher TAG in the high-sucrose diet fed VMH-lesioned and sham-operated rats than in the high-fat diet fed and standard diet fed VMH-lesioned rats or sham-operated rats. A high sucrose diet was reported to induce an inhibition of the removal of TAG, 15 which was consistent with our results. The mechanism of decreased FCR by a high-sucrose diet, however, needs further investigation.
Insulin has been shown to increase TAG production in rats and to increase hepatic very-low-density lipoprotein secretion in humans. 16, 17 Insulin also increases postheparin Figure 1 Levels of plasma triglyceride in VMH-lesioned and sham-operated rats fed on standard, high-fat or high-sucrose diet. VMH vs sham operated was P`0.05 in all ®gures by two-way ANOVA. Those with the same letter were different at a signi®cant level of P`0.05 by t-test. The number of rats in each group was six. UD standard diet; HF high-fat diet; HS high-sucrose diet. Those with the same letter in the same horizontal row were different at a signi®cant level of P`0.05. The number of rats in each group was six. UD standard diet; HF high-fat diet; HS high-sucrose diet.
LPL. 18 In fact, we found that the high-sucrose diet increased plasma insulin in both VMH-lesioned and sham-operated rats, and these rats showed increased TGSR and postheparin plasma LPL. The high-fat diet was associated with increased plasma insulin in both VMH-lesioned and sham-operated rats. However, in addition to normal TGSR, they showed much decreased FCR in spite of higher postheparin plasma LPL compared to those of corresponding high-sucrose diet fed rats. We presume that the high-fat diet induced insulin resistance in the short period of the 2-week treatment, which might inhibit TAG production and removal enhanced by the increase in plasma insulin.
No differences in fasting plasma glucose were observed among six groups of rats in this study. The high-fat diet might induce insulin resistance in 2 weeks, but it might be insuf®cient to induce an increase in fasting plasma glucose. Leptin is known to re¯ect body fatness. 19, 20 The ®ndings that the high-fat diet fed VMH-lesioned and sham-operated rats showed signi®cantly increased body weight with higher plasma leptin concentration than the corresponding standard diet fed and high-sucrose diet fed rats in this study are consistent with this concept.
In summary, the mechanism by which TAG metabolism is affected by a high-fat or a high-sucrose diet differed; in normal (sham-operated) rats, a high-fat diet increased plasma TAG level by lowering triglyceride removal in spite of increased postheparin plasma LPL and normal hepatic TAG secretion, which led to mild hypertriglyceridemia. A high-sucrose diet, in contrast, induced much higher plasma TAG levels by increasing hepatic TAG secretion and decreasing TAG removal, in spite of an increase in postheparin plasma LPL, which led to severe hypertriglyceridemia. Insulin resistance induced by a high-fat diet may contribute to produce this difference. These effects of both diets were similar but exaggerated in VMH-lesioned rats.
